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Networks of interbasin traffic in intrinsically disordered proteins
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The equilibrium dynamics of the intrinsically disordered proteins is thought to consist of transitions between
many basins in the free energy landscape whereas structured proteins stay in the vicinity of one native basin. We
demonstrate this picture explicitly by studying networks defined on the discretized plane: conformational end-
to-end distances vs radii of gyration. The bin sizes are defined by time scales that span orders of magnitude. The
networks, derived from all-atom and coarse-grained molecular dynamics simulations, are nearly scale invariant.
The bin representation also provides insights into the folding process of the structured proteins and identifies
regions of hindrance to folding.
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The function of most proteins stems from their specific,
experimentally determined spatial structures. It has been rec-
ognized, however, that about a third of proteins [1], depending
on the organism, lack a single preferred conformation that
can be identified with the native state [2]. Such proteins
are named intrinsically disordered (IDP) [2–8]. They play
important functional roles in the cell, such as signaling, cell-
cycle regulation, initiation of transcription/translation, and
transport through membranes. They are also involved in neu-
rodegenerative diseases. Their lack of structure results from a
deficiency in hydrophobic residues (that could build the hy-
drophobic core on folding) and an overabundance of charged
residues [9].

One of the conceptual issues pertaining to the IDPs is
the nature of their dynamics. It is expected that it involves
transitions between many basins of attraction, whereas that
of the structured proteins amounts to hovering over just
one basin that is associated with the native state. In other
words, the free-energy landscape of the IDPs is rough and
includes many comparable valleys that can be mutually ac-
cessed thermally at room temperature, whereas that of the
structured proteins is smoother and dominated by one valley.
This perspective stems from the past efforts to distinguish
sequences corresponding to “bad folders” from those that
lead to a folding funnel [10–12]. The case in between is
the multifunctional systems [13] when, say, two competing
funnels with high separation energy barriers are present as
revealed by the disconnectivity graphs [14–18].

The question we pose is how to demonstrate the validity
of this picture using molecular dynamics and how to make
it quantitative. Simulations generate a string of conforma-
tional snapshots. Their interpretation requires simplification,
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or coarse graining, of the description. One way to do it
is to monitor the evolution of the contact map—the list of
contacts detected in a snapshot by using some prescription.
This approach would be analogous to a contact-based char-
acterization of the structural effects of mutations [19]. This
method, however, leads to a huge number of possibilities even
for short chains: for N = 20 residues, it is

∑m
i=0

(m
i

)
, where

m = 153 is the maximal number of contacts excluding the
i, i + 2 ones (i is the sequence location).

A stronger simplification involves describing the system
in terms of global descriptors of the chain, such as the end-
to-end distance, L, and the radius of gyration, Rg. These two
parameters can be measured in SAXS and FRET experiments.
The dynamics can then be represented as a motion on the Rg-L
plane as illustrated in Fig. 1 for two systems with N = 20: the
structured tryptophan cage (Trp-cage) (the structure code is
PDB:1L2Y) and the chain NFGPKGFGYGQGAGALVHAQ,
which is the 175-194 segment of the disordered cysteine and
glycine-rich protein 2 denoted by DP00438 [20]. A sufficient
probing yields the equilibrium density of occupation of points
on this plane which can serve as a qualitative rendering of
the free energy landscape: the most frequented points should
correspond to the lowest-energy states. However, such land-
scapes, per se, do not characterize the traffic between possible
basins.

Here, we introduce a way to represent the equilibrium
dynamics of a protein as a network on the Rg-L plane and
demonstrate the existence of a qualitative difference between
the networks derived for the structured and disordered sys-
tems. The network connects the centers of discrete bins of
size �R × �L set on the Rg-L plane. The connectivities are
determined through the frequencies, f , of the transitions
between the bins. f is defined as the number of occurrences of
an interbin transition divided by the number of all transitions.
The average occupation, �, of a bin is the fraction of time that
the system spends in the bin. The most important bins are the
hubs of the network.

The crucial aspect of this representation is that the con-
struction of the network depends on the characteristic time
scale, �t , of the description. As the system evolves in time
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FIG. 1. Panels (a) and (b): accumulated conformational sampling
on the Rg-L plane for the systems indicated. The data points were
obtained from 100 different trajectories that last for 1 000 000τ each.
The color bars represent the population percentage. The off-diagonal
scatter of the data points indicates that the Rg and L are independent
variables, as they should be for the description presented in the paper.
Panels (c) and (d): the corresponding initial fragments of single
trajectories. The cutoff time is 1800τ . The states are collected every
�t/τ = 200. The color bars represent the simulation time interval
(in τ ).

by �t , Rg changes by �Rg and L by �L. These changes
are Gaussian distributed with zero mean (Fig. 2). Sampling
of � is done every �t . We take the dispersions of these
distributions, σR and σL, as the characteristic sizes of the
structural changes that take place in time �t . The bin sizes
are then taken to be as �R = 2σR and �L = 2σL. The factor
of 2 merely reduces the noise. Importantly, the spatial scales
are related to the temporal scales. This feature is similar to
the free-energy estimates of small molecules being effectively
dependent on the time scale of the observation [21].

We illustrate our method by considering the two sys-
tems with N = 20, Trp cage and DP00438, and two sys-
tems with N of about 140. The latter are the structured
lysozyme (PDB:2LYZ; N = 129) and the disordered [22,23]
α-synuclein (N = 140), the protein that is associated with
Parkinson’s disease [24,25]. These proteins are studied by
the recently proposed α-C based coarse-grained (CG) model
[26] (that is more protein specific than that used in Ref. [27])
and by all-atom (AA) NAMD-based simulations [28] with
the implicit solvent and the CHARMM36m [29] force field
designed for the IDPs. The CG model is defined in terms
of dynamically defined contacts that arise depending on
the distance between the residues and on the directions of
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FIG. 2. Probability distributions of �Rg and �L for Trp-cage and
DP00438 for two different timescales. �t is 2τ in the top panels and
20τ in the bottom panels. The distributions were determined from
100 trajectories lasting for 1 000 000τ .

the normal and binormal vectors associated with the back-
bone. There is one change relative to the description pro-
vided in Ref. [26]: attractive electrostatic interactions are
now treated as other sidechain-sidechain contacts (if the
proper conditions are met) instead of being described by
the modified Debye-Huckel potential. This correction en-
hances the agreement with experimental data for charged
proteins.

The CG model [26] is defined in terms of ε—the depth of
the Lennard-Jones potential well associated with the contact.
The room temperature situation corresponds to kBT/ε ≈ 0.35,
where kB is the Boltzmann constant. Most of the calculations
were done at this T and the results are based on 100 runs
that are 1 000 000τ long. The backbone stiffness (the bond
and dihedral angle terms) are accounted for by statistical
potentials. When dealing with the structured proteins, we
keep this form of the backbone stiffness but the contacts
are preassigned: they are selected based on the existence
of overlaps between effective spheres associated with the
heavy atoms in the native state [30–32]. The AA simula-
tions were done at the room temperature (298 K) and were
obtained in five 30 ns runs. The starting conformations in
the CG simulations were self-avoiding random walks. In the
AA simulations, the starting conformations were generated
through random bending of the backbone by using the Pymol
software [33].

Figure 3 shows the networks for �t of 10 and
20 ps. (All network figures were done by PyGraphviz, py-
graphviz.github.io, a Python interface to the Graphviz graph
visualization software [34].) The corresponding values of
(σR/Å, σL/Å) are (0.36, 2.94) and (0.45, 3.46) for the Trp-
cage and (0.66, 3.84) and (0.83, 4.83) for DP00438. In the
CG case (Fig. 4), the networks are for �t = 2 and 20τ ,
where τ is of order 1 ns. The corresponding values of (σR/Å,
σL/Å) are (0.29, 2.50) and (0.43, 3.75) for the Trp-cage and
(0.43, 3.74) and (0.56, 5.05) for DP00438. The AA length
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FIG. 3. Network diagrams for DP00438 (top) and Trp-cage
(bottom) for �t = 10 and 20 ps on the left and right, respectively.
The results were obtained through the AA simulations. The values of
f and � are indicated in the stripes at the bottom of each panel. The
color convention used for the network links is shown in the stripes.
The black circles indicate the occupational probabilities of the bins.
Most of the interbin transitions have symmetric frequencies. They
are represented by solid lines with the arrows on both ends. The
remaining transitions are indicated by single-arrow lines: the more
frequent transition corresponds to the dashed line and the weaker
to the dotted line. We show the transitions only with f > 0.05 fmax,
where fmax is the maximal value observed. For Trp-cage fmax is 0.078
and 0.20 for �t of 10 and 20 ps, respectively. For DP00438 fmax is
0.033 and 0.039, respectively.

scales are mostly somewhat larger than the CG ones, which
reflects weaker averaging. We demonstrate the continuity of
the behavior across the CG and AA time scales considered.

We study the longer proteins by using the CG model at
�t/τ = 20 and we get (σR/Å, σL/Å) of (0.21, 1.80) for
lysozyme and (0.82, 7.29) for α-synuclein. In order to sim-
plify making comparisons of the same or nearly the same
sizes, we average the corresponding dispersions for any given
time scale.

Figures 3 and 4 show the networks for the N = 20 sys-
tems for time scales ranging from 10 ps to ∼20 000 ps
(the results for still larger �t are not shown as the data are
more noisy). We observe that, for a given protein, the look of
the network is similar across the time scales. This approximate
self-similarity reflects the fact that our description pertains to
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FIG. 4. Similar to Fig. 3 but for �t = 2 and 20τ (τ is of
order 1 ns) as obtained through the CG simulations. We show the
transitions only with f > 0.01 fmax. For Trp-cage fmax is 0.13 and
0.22 for �t equal to 2 and 20τ , respectively. For DP00438 fmax is
0.035 and 0.11, respectively.

equilibrium. At the same time, there is a significant qualitative
difference between the disordered and structured proteins.
The IDP system shows many competing hubs and multiplicity
of links. Trp-cage, on the other hand, leads to the emergence
of one strongly dominant native hub. The exception is the
shortest time scale (10 ps), where several more hubs emerge.
This time scale is likely just too short for the system to
“realize” its relevant tendencies. However, even at this time
scale, the network for DP00438 is substantially more com-
plicated than for Trp-cage. Figure 5 shows that on heating
the system to 0.45 ε/kB the systems reduce and reshuffle the
weights of the connectivities.

Figure 6 shows that the qualitative difference in the dy-
namics of the disordered and structured proteins becomes
more pronounced when the proteins’ sequences become about
seven times longer. It is seen that the network (at 0.35ε/kB)
for α-synuclein is significantly more interconnected than for
lysozyme and there are of order 20 comparably occupied
hubs. The network is also much more complex than for
DP00438.

One of the important characteristics of a structured protein
is its thermodynamic stability. It can be assessed experimen-
tally by a variety of methods, such as circular dichroism [35]
and differential scanning calorimetry (DSC) [36]. Typically,
these methods are sensitive to only certain segments of the
full structure. Theoretically, the thermodynamic stability can
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FIG. 5. Behavior of the N = 20 systems studied at ε/kB equal
to 0.25 kBT/ε [panels (a) and (b)] and 0.45 kBT/ε [panels (c) and
(d)]. The bin sizes recalculated for these temperatures. �t is 20τ . For
kBT/ε = 0.25, fmax and (σr/Å, σL/Å) are 0.098 and (0.19, 1.77) for
Trp-cage and 0.024 and (0.19, 2.16) for DP00438. For kBT/ε = 0.45,
these are 0.28 and 0.28 and (0.73, 5.56) for Trp-cage and 0.093 and
(1.33, 8.19) for DP00438. If one uses the bin sizes corresponding
to 0.35 kBT/ε for the other two temperatures considered here, the
networks get modified but preserve similar features (not shown).

be captured by estimating the temperature, T0, at which the
equilibrium probability of staying in the native state, P0,
crosses 1

2 . In a contact-based description, P0 is estimated
through the fraction of conformations in which all, or nearly
all, native contacts are present simultaneously [37–40]. As-
sessing the thermal stability in AA models is difficult to
achieve in a quantitative way. This is because of the com-
putational cost and the necessity of defining the bounds of
the native basin. Thus one typically resorts to nonequilib-
rium measures such as those obtained through submitting the
system to one elevated T and then monitoring the temporal
evolution of, for instance, the geometrical distance away from
the native structure (RMSD) in unfolding trajectories. This is
used in a qualitative way when comparing two systems, e.g.,
wild type and mutated as in Ref. [41].

For the IDPs, there are additional conceptual problems:
can one define a characteristic temperature that provides a
measure of the thermal stability despite the absence of the
native state? Figure 7 demonstrates that this indeed can be

FIG. 6. Similar to Fig. 3 but for α-synuclein (top) and lysozyme
(bottom) and only for �t = 20τ and transitions with f > 0.2 fmax.
The results were obtained by using the CG model. For α-synuclein
fmax is 0.0032 and for lysozyme 0.20. The right bottom panel shows
the contour plot for lysozyme.

done by considering the T dependence of average Rg and
L. Their values, normalized by the maxima, are denoted
here by rg and l , respectively. Both quantities are seen to
display a sigmoidal behavior so we define temperatures Tr

and Tl that correspond to the centers of the sigmoids. For
a given system, they are fairly close to each other (in units
of ε/kB): 0.40 and 0.40 for DP00438; 0.70 and 0.70 for
Trp-cage; 0.40 and 0.40 for α-synuclein; 0.75 and 0.65 for
lysozyme. At the same time they differ by ∼0.3 between
the structured and disordered systems and indicate that the
structured systems are more stable. In contrast, the specific
heat, cv (Fig. 7), does not differentiate between the structured
and disordered proteins of N = 20 as the locations of the
maxima in cv are both at 0.35. However, it does for the two
larger proteins: 0.43 and 0.65 for α-synuclein and lysozyme,
respectively.

The bins derived in the equilibrium calculations can also be
used to characterize nonequilibrium situations such as folding
of structured proteins from extended conformations. In our
representation, folding is considered to be achieved when the
system reaches the native hub for the first time. Figure 8
shows one folding trajectory at 0.35 ε/kB on the Rg-L plane for
lysozyme. The folding time for this trajectory is 3291τ . The
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FIG. 7. Temperature dependence of the kinetic and equilibrium
parameters calculated for Trp-cage (the first and second column)
and DP00438 (the third column). The second and third columns use
the statistical potentials in the description of the backbone stiffness.
The first column corresponds to the backbone stiffness described
by the chirality potential [30,31,40] that favors the specific native
conformation. The top panels show the folding times, i.e., the median
first passage time needed to establish all native contacts. Notice
that the statistical potentials yield folding times that are an order
of magnitude longer than with the chirality potential. The middle
panels show P0, Q, and Q′. Q is the average number of the native
contacts (for the structured case) and Q′ is the average number of
contacts that are present (for the disordered case). The bottom panels
show rg, l , and cv . All equilibrium quantities are normalized by
the maximal values obtained so they do not exceed 1. The vertical
dashed lines correspond to the temperature of the folding optimality.
This temperature is model dependent. The horizontal dashed lines
indicate the value of P0 = 0.5. P0 is the equilibrium probability
of staying in the native state. It is determined by averaging the
number of the snapshots in which the native contacts are present
simultaneously with a substantial probability [40]. In the model with
the chirality, this probability, p, is 1. In the model with the statistical
potentials, p = 0.81 [40]. The circles correspond to the centers of the
corresponding sigmoidal curves.

bins correspond to �t of 10 and 100τ . The representation of
the trajectory depends on �t and the trajectory itself depends
on the starting conformation, indicating multiplicity of the
pathways. The 10τ trajectory has two regions of looping
movements indicating the existence of metastable traps: Rg of
15–20 Å and 25–32 Å. On increasing the time scale, the upper
metastabilities get resolved and the lower region shrinks to
15–17 Å. A further increase in �t is expected to eliminate the
looping entanglements entirely. Thus our method allows one
to determine regions corresponding to the folding bottlenecks
and time scales needed to overcome them. On averaging over
100 trajectories we get a flowlike pattern (not shown) that is
akin to the probability flow studied exactly in a lattice model
[39]. For the IDPs, one can study the kinetics of reaching
specific hubs.
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FIG. 8. Rg-L representation of the folding process for lysozyme.
The upper/lower panel is for �t = 10/100τ . The color codes for f
between the panels are different. For the upper panel, �R = 0.6 Å
and �L = 4 Å. The most occupied bin is centered at (16.6, 52) Å.
For the lower panel, �R = 1.6 Å, �L = 6.4 Å and the largest hub is
at (16.2, 45.6) Å. In both cases, the native bin (the gray rectangle) is
at (13,20) Å. The values of (σR/Å, σL/Å) are (0.33, 2.09) and (0.80,
3.20) for 10 and 100τ , respectively.

Our method to build networks of hubs and links is uni-
versal and intuitive. It enhances the notion that the density of
points on the Rg-L plane may serve as an effective landscape.
Without involving rare-event techniques [42], the resulting
free energy—obtained by the Boltzmann inversion—is an
upper-bound estimate. Our method allows for a clear elu-
cidation of the differences between the structured and dis-
ordered proteins in equilibrium. There are, however, other
possible approaches to construct kinetic transition networks
[43–47], as reviewed in Ref. [13] for structured proteins. In
particular, one can adopt procedures involving a selection
of more abstract collective variables that are inferred from
eigenvalue decomposition of the raw molecular dynamics
data as represented by “feature” vectors. The relevant col-
lective variables can be chosen by maximizing either their
variance or their autocorrelation [48,49]. The former are
associated with the principal component analysis [50] and
the latter with the time-lagged independent component anal-
ysis [51–53]. These procedures result in an identification of
relevant metastable states and construction of the Markov-
state models [54,55] that involve the transitions between the
states.

We have applied the TICA approach to our data on α-
synuclein and lysozyme and determined that the dynamics
of lysozyme are slower: the longest collective time scales
differed by at least a factor of 4. This difference appears
to indicate that the free-energy landscape for α-synuclein is
shallower and better interconnected compared to lysozyme.
The landscape for lysozyme is characterized by several deep
kinetic traps—one of them corresponds to the mirror image
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FIG. 9. One-dimensional equilibrium network for α-synuclein
(the top panels) and lysozyme (the bottom panels) with �t = 20τ .
The traffic is indicated either between the bins along the Rg axis or the
L axis. The values of fmax for the Rg-based plots are 0.08 and 0.49 for
α-synuclein and lysozyme, respectively. For the L-based plots these
are 0.08 and 0.50, respectively.

of the native conformation (the description based on Rg and L
cannot distinguish between mirror images).

Other than that, the approach was not found to be very
revealing. It should be noted that the collective variables used
in the Markov-state models (MSM) depend on the protein
which makes comparisons between the proteins indirect. In
addition, our bins are of a fixed size and the other descriptors
involve variable distances. Our method is helpful in bringing
out the role of disorder and in providing a coarse-grained
method to represent folding in structured proteins. However,
our method is not meant to be used for an identification
of a most probable folding pathway since Rg and L are
unlikely to correlate with such a pathway strongly. Unlike
the disconnectivity-graph approach, it does not operate with
a selection of isolated conformations but with ensembles of
states associated with the bins. Dealing with the ensembles of
states makes it similar to the MSM, although the principles
involved are distinct.

A one-dimensional version of our approach (only Rg or
only L) is also possible (Fig. 9). Even though our method
was defined for a protein chain, it should be generalizable to
other systems with complicated free-energy landscapes, such
as glasses or protein aggregates.
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